Compressive strength measurements in aluminum for shock compression over the stress range of 4 -22 GPa J. Appl. Phys. 98, 033524 (2005) A series of plate impact shock-reshock and shock-release experiments were conducted by using an one-stage light gas gun to determine the critical shear strength of the 2024 aluminum alloy under shock compression levels ranging from 0.66 to 3.05 GPa in the present study. In the experiments, a dual flyer plate assembly, i.e., the 2024 aluminum alloy flyer backed either by a brass plate or a PMMA plate, was utilized to produce reshock or release wave. The stress profiles of uniaxial plane strain wave propagation in the 2024 aluminum alloy sample under different pre-compressed states were measured by the embedded stress gauges. The stress-strain data at corresponding states were then calculated by a Lagrangian analysis method named as path line method. The critical shear strengths at different stress levels were finally obtained by self-consistent method. The results show that, at the low shock compression level (0.66 to 3.05 GPa), the critical shear strength of the 2024 aluminum alloy cannot be ignored and increases with the increasing longitudinal stress, which may be attributed to rate-dependence and/or pressure dependent yield behavior of the 2024 aluminum alloy. C 2016 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
I. INTRODUCTION
The 2024 aluminum alloy is extensively used in aeronautics and astronautics area, defense utility, civil industry because of its excellent properties, such as low density, high strength and good ductility.
1 It is very important to study the constitutive response of the 2024 aluminum alloy under shock compression.
It is often assumed that the one-dimension strain compression curve is consistent with hydrostatic compression curve, if the shock pressure is up to eight times the Hugoniot elastic limit. In this case, the material can be treated as liquid, thus the hydrodynamic model can be used to characterize the high-pressure response of the materials. 2 In fact, when the materials deforms from elastic state to plastic state, and the hydrostatic state, the material is undergoing not only the normal stresses, but also inevitably the shear stresses in this process. However in conventional shock-wave experiments only the longitudinal stress is measured. It is true that the longitudinal stress is used to deduce the equation of state in thermodynamic equilibrium state when the materials are compressed with high-pressure shock wave. However, it can't accurately characterize the response of the material in the middle-pressure and low-pressure shock levels. Hence it is necessary to determine the critical shear strength of the materials at the low and/or middle pressure range.
The critical shear strength under shock wave can be obtained by directly measuring the lateral stress or self-consistent technique. 3 Piezoresistive gauges have been utilized for several decades to measure the lateral stress in shock loaded solids. 4 with manganin wires embedded in steel specimens along the longitudinal and lateral orientations. In the following years, the piezoresistive stress gauge (made of manganin or ytterbium) technique was also used as lateral stress transducers by Rosenberg et al., 6, 7 Gupta et al., 8, 9 Dai et al., 10 Winter et al. 11 The calibration of the gauge is the focus of their researches. Since the lateral stresses in the shock-loaded solids are usually unknown, a simple calibration of lateral gauges, in terms of resistance changes vs. lateral stresses is practically impossible to achieve. 4 The calibration of the lateral gauge depends on the longitudinal stress in the embedding matrix and the strength of the gauge. So the accuracy of the gauge's strength will strongly affect the experimental results. For example, Rosenberg et al. 4 found that the new values for the gauge's strength are about half the corresponding value from the Ref. 12 through a simplified analysis. In view of the fact that the calibration of lateral gauge is uncertainty, self-consistent technique [13] [14] [15] [16] [17] was used in the present study to determine the shear strength of 2024 aluminum alloy since it has advantages over the lateral stress gauge technique.
In this paper, to determine the critical strength of 2024 aluminum alloy, a series of shockreshock and shock-release experiments were conducted with a dual flyer plate assembly on an one-stage light gas gun. And then the stress profiles of one-dimension plane strain wave propagation in 2024 aluminum alloy specimens under different preshocked states were measured. The stress-strain data at corresponding states were determined by Lagrangian analysis method. Finally, the critical shear strengths at different stress levels were obtained by self-consistent method.
In section II, the material used in present study is introduced. In section III, the configuration of shock-reshock and shock-release experiments is presented. In section IV, the basic approach of the self-consistent technique is described. In section V, the Lagrangian analysis method is introduced and the calculation procedure is described. In section VI, the experimental results are given, the stress-strain data are deduced from the wave profiles through the path line method, and the shear strengths in different stress level are obtained by self-consistent method. Finally, the conclusions are summarized in Section VII.
II. MATERIAL
The materials used in the present study were 2024 aluminum alloys, whose chemical compositions are given in Table I . This materials were supplied as an extruded bar, which was manufactured using cold working followed by natural aging (T4). The microstructure of etched longitudinal sections of the alloy is shown in Fig. 1 . As shown in Fig. 1 , the CuMgAl 2 precipitate phase distributes uniformly in the grain interior, with the grains extruded as a narrow strip.
III. SHOCK-RESHOCK AND SHOCK-RELEASE EXPERIMENTS
The shock-reshock and shock-release experiments were conducted by one-stage light gas gun at the Institute of Mechanics, Chinese Academy of Sciences. The diameter and the length of the barrel for the gun is 101 mm and 17m, respectively. The projectile velocity which can be achieved by the gun is ranging from 20 m/s to 1400 m/s and its error can be controlled to be less than five percent. The tilt is less than 10 −3 radians. Fig. 2 shows the configuration of these experiments. A dual flyer assembly was used. The 2024 aluminum alloy flyer was backed either by a brass plate to produce reshock wave or by a PMMA plate to produce release wave. In all of the experiments, the 2024 aluminum flyer and backing plate were 75 mm diameter disks, and the 2024 aluminum targets were 70 mm diameter disks. To investigate the propagation of the stress wave, the stress gauges are embedded in the target plates. Under shock wave, the gauges are compressed with movement of the particle of the materials, so they can record the histories of stress in these sites.
In the present study, four preshocked states were selected and two experiments were conducted for each preshocked states. The parameters for those experiments are listed in Table II and Table III .
IV. SELF-CONSISTENT TECHNIQUE
Fowls et al. 18 proposed that the shear strength of the material under high pressure shock can be determined by comparing the measured longitudinal stress with the data of hydrostatic pressure experiments. However, a predetermined hydrostatic curve was required in his method. In the 1970s to 1980s, Asay, Lipkin and Chhabidas [13] [14] [15] proposed and developed the self-consistent method to measure the shear strength under shock compression. This method estimates the yield strength of the materials under shock pressure by utilizing shock-reshock and shock-release experimental data from a pre-compressed state. Its principle is described as follows.
High-strain-rate uniaxial strain condition can be achieved during plate impact experiments. For the isotropic materials, the longitudinal stress σ x , the lateral stress σ y and σ z (equal to σ y in   FIG. 2 . Experimental configuration of shock-reshock and shock-release experiments.
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AIP Advances 6, 045309 (2016) uniaxial strain condition), and the mean stress σ have the following relationship:
For plastic response under uniaxial strain, either von Mises or Tresca criterion leads to the following relation:
where τ is the shear stress. Thus, in the yield surface the following relation between the longitudinal stress and the mean stress can be obtained:
So, for perfectly plastic response, the plastic portions of the reshock and release paths are parallel to the hydrostat curve.
However, only a few materials exhibit such simple response under uniaxial strain shock loading. It is necessary to modify the above-mentioned model to describe broader class of materials. The kinematic hardening model can describe the behavior such as anisotropic effect. The important characteristic of the kinematic hardening model is the yield locus can translate with the plastic deformation. Assuming that the symmetry axis of the yield surface remains parallel to the hydrostat during the deformation, Eq. (3) can be rewritten to following equations:
Where, α x is the x displacement of the symmetry axis of the yield surface from the hydrostat. Fig. 3 illustrates how to determine the shear strength and the mean stress from reshock and release data. It is assumed that the material has been preshocked to the σ x1 state. States 2 and 4 are defined as maximum or minimum shear stress states at the reshock path or the release path because the Lagrangian wave velocity reduces to the bulk wave speed at those states. Once states σ x2 and σ x4 are determined, the maximum stress σ x (A) and the minimum stress σ x (B) at the preshocked state can be calculated graphically. Since
the following equation can be obtained:
Eq. (7) can be used to obtain the critical shear strength at the current preshocked state.
The following assumptions should be made when applying the self-consistent method to real-materials: (i) reshock and release from the preshocked state are rate independent, (ii) a yield surface exists for the materials after shocking which can be experimentally detected as a transition from quasi-elastic to plastic response, (iii) the yield surface remains symmetric although it may translate in stress space during shock loading, (iv) the yield surface has an axis of symmetry which remains parallel to the hydrostatic curve during deformation.
V. LAGRANGIAN ANALYSIS METHOD
Under shock wave, the inertia effect of the materials is usually coupled with the strain rate effect. The constitutive model of the materials under high strain rate depends on the analysis of the attenuating waves in the materials. The information of one-dimension plane strain wave propagation in the materials is generally obtained by plate impact experiment.
Lagrangian analysis method can deduce the stress-strain relation for the materials from the uniaxial plane strain waves measured by the gauges. This method was proposed by Fowles, Cowperthwaite and Williams 19, 20 in the 1970s. The passage of the disturbance is recorded by embedding the stress or particle velocity gauges in different Lagrangian positions in the sample. Then the histories of the unknown mechanical parameters (such as particle velocity, stress, density, strain and internal energy) can be obtained through several universal conservation equations.
The path line method is a common method in Lagrangian analysis. This method was proposed by Grady 21 in 1973. Soon afterwards, Seaman 22 proposed the curve fitting method based on the Grady's method. From then on this method has been used by several researchers. [23] [24] [25] The principle of the path line method is given as follows.
Under one-dimension strain, the flow of the particle follows the conservation laws of mass, momentum and energy.
Mass conservation:
( ∂ε ∂t
Momentum conservation:
Energy conservation:
where u is the particle velocity, ε is the strain, h is the Lagrangian spatial coordinate, E is the specific internal energy, ρ 0 is the initial density, σ is the stress in the direction of propagation.
To determine the histories of the strain, the particle velocity and the specific internal energy of each gauge, Eqs. (8)- (10)) must be integrated along the experimental record lines. The integrated forms can be written as follows:
The path line method is illustrated in Fig. 4 . This method divides the gauge records into discrete time intervals, and connects the records in such way that the lines are approximately in the directions of wave propagation. These lines connect the peaks of the records and other points with similar features.
Generally, the mechanical parameter in the flow field has the following relationship along the path line:
where ϕ may denote stress σ, particle velocity u, or specific internal energy E. Along the path line, the Eqs. (11)- (13) can be written as follows: 
If the gauges record the histories of the stress, the particle velocity fields can be derived from the equation (16) . Then strain and the specific internal energy can be obtained from the equation (15) and the equation (17), respectively. Finally the stress-strain relationship can be obtained.
VI. EXPERIMENTAL RESULTS AND DISCUSSION
The stress profiles under different impact velocities obtained from multiple stress gauges are showed in Fig. 5 . The stress-strain data of the 2024 aluminum alloy under the corresponding preshocked states were calculated through the path line method. Fig. 6 illustrates the calculation of the critical shear strength of the 2024 aluminum alloy under different preshocked states by self-consistent method. The critical shear strength can be obtained by following four steps: 16, 26 (i) State 2 and state 4 are defined as maximum or minimum shear stress states at the reshock path or the release path because the Lagrangian wave velocity reduces to the bulk wave speed at those states; (ii) A tangent line can be drawn at the state 2 or state 4, and the extension of the tangent line can be made; (iii) The maximum stress point A or the minimum stress point B can be determined by the intersection point between the extending line and the vertical line passing the preshocked point; (iv) Finally, the critical shear strengths can be calculated by equation (7) .
The values calculated by above steps are listed in Table IV . The critical shear strengths at different stress levels are plotted in Fig. 7 . It is shown that the critical shear strength increases with the increasing longitudinal stress. The critical shear strength increases from 0.128 to 0.258 GPa when the longitudinal stress increases from 0.67 to 2.79 GPa. But the ratio of the critical shear strength to the longitudinal stress decreases and tends to be constant value with the increasing longitudinal stress. Our results have also been compared with the data from previous research, 27 where the dynamic shear strengths of 2024-T351 Aluminum at different shock stress levels have been inferred from the cusp in the release curve. As shown in 
Huang 28 has similar results in measuring the strengths of five aluminum materials (including 6061 aluminum alloy with three average grain sizes, pure aluminum and ultrapure aluminum) for shock compression over the stress range of 4-22 GPa. It is envisioned that multiple factors, including rate and pressure dependences of the flow behaviors for the 2024 aluminum alloy, are collectively responsible for the increasing critical shear strength with increasing impact stress.
VII. CONCLUSION
In this paper, shock-reshock and shock-release experiments of the 2024 aluminum alloy were performed using a dual flyer assembly with an one-stage light gas gun. The stress profiles in 2024 aluminum alloy targets under different preshocked states were recorded. The stress-strain curves at the corresponding states were analyzed with path line method. The shear strengths in different stress levels were obtained by self-consistent method. The results show that the shear strength of material cannot be ignored and it increases with the longitudinal stress under the low stress shock. In the end the relation between the critical shear strength and the longitudinal stress was also obtained. It is envisioned that multiple factors, including rate and pressure dependence of the flow behaviors for the 2024 aluminum alloy, are collectively responsible for the increasing critical shear strength with increasing impact stress.
